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he  fracture  toughness,  of  CTP-HIP  Beryllium  was  determined  using  the  shorty 
bar  fracture  toughness  (Kj^gg)  method.  The  Kjjfgg  value  measured  was  10.96  MPaTm 
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PREFACE 


This  report  was  prepared  by  Terra  Tek,  Inc.  under  the  Army  Materials 
Technology  Laboratory  Contract  No.  DAAG-M6-80-C-0038.  The  work  was  adminis¬ 
tered  under  the  direction  of  the  Ballistic  Missile  Defense  Materials  Program 
Office,  Army  Materials  Technology  Laboratory,  with  Mr.  John  F.  Dignam  as  Pro¬ 
gram  Manager  and  Dr.  S.  C.  Chou  as  Technical  Monitor. 


This  report  covers  work  conducted  from  May  13,  1980  through  February  13, 
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INTRODUCTION 


The  fracture  toughness  of  CIP-HIP  Beryllium  as  a  function  of  temperature 

was  determined  using  the  short  bar  method  of  fracture  toughness  measure- 
f  p  1 

ment'  .  Ten  specimens  were  to  be  tested  in  the  temperature  range  from  2 00°F 
to  500°F,  inclusive.  The  beryllium  was  furnished  by  the  Army  Materials  Tech¬ 
nology  Laboratory  in  the  form  of  one  three-point  bend  fracture  specimen  and 
one  compact  tension  fracture  specimen.  Eight  of  the  short  bar  specimens  of 
this  study  were  fabricated  from  the  three-point  bend  specimen,  and  two  were 
made  from  the  compact  tension  specimen. 

Previous  work  of  Terra  Tek^  on  the  fracture  toughness  of  beryllium  has 
shown  the  short  bar  method  of  fracture  toughness  (KjcSB)  testing  to  be  highly 
satisfactory  and  compares  well  with  ASTM  E-399  standards.  KjcSB  measurements 
made  at  75°F  in  the  previous  contract^  yielded  an  average  value  of  10.63 
MPai/rn.  This  value  is  within  the  3.1  percent  standard  deviation  of  the  room 
temperature  average  value  found  herein,  i.e.  10.96  MPai/m. 

To  perform  the  tests  to  500°F  the  specimens  were  heated  by  placing  a 
thick  copper  sleeve  over  the  sample  and  raising  the  temperature  with  cartridge 
heaters  placed  within  the  sleeve.  Temperature  was  regulated  with  a  Love 
temperature  controller. 
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W  S  ^  VS  V 


Figure  3-  Short  Bar  Specimen  Locations  in  the  Compact  Tension  Specimen 


Test  Method:  The  specimens  were  tested  in  a  Fractometer  I  test  machine.  The 
machine  makes  use  of  a  small  bladder  of  stainless  steel,  called  a  "flat jack", 
to  apply  the  mouth-opening  load  as  shown  in  Figure  Ma.  The  "flatjack"  is 
inserted  in  the  slot  in  the  mouth  of  the  specimen,  and  then  pressurized  with 
mercury.  The  pressure  is  transmitted  to  the  inside  surfaces  of  the  specimen 
slot,  forcing  the  specimen  to  open  (Figure  Mb),  producing  a  crack  (Figures  Mb 
and  Me). 


(a)  (b)  (c) 

Figure  M.  Fractometer  method  of  loading  short  bar  specimens.  In  (a), 
the  specimen  is  seated  with  the  flatjack  in  the  specimen 
slot.  In  (b),  fluid  pressure  in  the  flatjack  is  producing 
fracture  of  the  specimen.  The  specimen  deflection  is  greatly 
exaggerated.  In  (c),  the  shaded  area  denotes  the  crack. 

Data  Analysis:  All  specimens  exhibited  the  crack  jump  behavior  as  illustrated 
in  Figure  5.  The  crack  would  remain  essentially  stationary  until  a  critical 
load  was  reached.  The  crack  would  then  suddenly  jump  ahead  to  a  new  location 
with  an  audible  "pop".  It  would  then  remain  stationary  again  until  the  load 
was  increased  to  a  new  critical  value,  at  which  point  it  would  jump  ahead 
again,  etc.  Because  fracture  toughness  measurement  is  obtained  from  each 
crack  jump  which  occurs  within  the  central  region  of  the  specimen,  some  speci¬ 
mens  provided  more  than  one  toughness  measurement. 


LOAD 


MOUTH  OPENING 


Figure  5.  Load  versus  mouth  opening  type  curve  observed  in  the  fracture 
toughness  testing  of  beryllium  using  short  bar  specimens. 


The  derivation  of  the  Kjc  equation  for  "flatjack"  loading  of  the  short 
bar  specimen  is  based  on  linear  fracture  mechanics  principles.  The  energy  re¬ 
quired  to  advance  the  steady  state  crack  a  small  distance,  Aa,  (Figure  6a)  is 

AW  =  Gt  bAa  (1) 

Ic 

where  b  is  the  average  width  of  the  crack  from  between  a  and  a  +  Aa,  and  Gjc 
is  the  critical  elastic  energy  release  rate  per  crack  tip.  The  energy,  AW, 
comes  from  the  irrecoverable  work  done  on  the  specimen  during  the  test  as 
discussed  below. 


Figure  6.  In  (a),  the  flatjack's  loading  of  the  specimen  and  incremental 
crack  growth  Aa  are  depicted.  In  (b),  a  plot  of  the  pressure- 
volume  loading  curve  is  shown,  including  the  straight  line  re¬ 
loading  and  unloading  paths  AO  and  BO. 
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Figure  6b  shows  a  plot  of  the  pressure-volume  curve  for  the  pressurized 
region  of  the  specimen  slot.  During  the  initial  loading  a  linear  elastic  path 
is  obtained  whose  slope  can  be  related  to  the  elastic  modulus  of  the  specimen 
material.  The  onset  of  nonlinearity  occurs  when  the  crack  initiates  at  the 
point  of  the  "V".  Suppose  that  the  volume  in  the  slot  is  increased  until 
point  A  on  the  P-V  curve  is  reached,  corresponding  to  a  crack  length,  a,  in 

Figure  6a.  If  the  fluid  volume  were  then  retracted  from  the  specimen  slot, 

the  unloading  path  would  be  a  straight  line  to  the  origin,  since  no  crack 

growth  occurs  on  unloading,  and  since  the  crack  would  close  completely  under 

the  assumption  of  elasticity. 

Now,  let  the  specimen  be  loaded  again.  The  loading  path  will  retrace  the 
unloading  straight  line  OA,  but  when  point  A  is  reached  again,  further  crack 
growth  begins.  Let  the  volume  be  increased  beyond  point  A  by  an  amount  AV, 
taking  the  load  path  to  point  B,  and  causing  the  crack  to  grow  an  additional 
increment,  Aa.  Then  let  the  fluid  again  be  retracted  from  the  specimen  slot, 
resulting  in  the  straight  line  unloading  path  BO.  It  is  clear  that  the  irre¬ 
coverable  work,  AW,  done  in  advancing  the  crack  the  additional  distance, 
Aa,  is  given  by  the  shaded  area  in  the  triangle  OAB,  Figure  6b.  This  area  is 
given  by 

AW  =  1  P  •  AV  (2) 

where  P  is  the  average  pressure  between  A  and  B.  Letting  cv  =  V/p  be  the 
volume  compliance  of  the  specimen.  The  incremental  change  in  volume  compliance 
in  loading  from  A  to  B  is 

AV  =  P  Acy  (3) 

Using  Equation  (3)  to  eliminate  AV  from  Equation  (2),  then 
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AW  =  ^  P2  ACy 
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Eliminating  AW  by  use  of  Equation  (1)  and  taking  the  limit  as  Acy  and  Aa 
approach  zero, 


iL 

2b 


dc 


(5) 


Here  b,  P  and  (dcy/da)  are  evaluated  at  the  crack  length,  a,  at  which  the 
incremental  crack  advance  took  place. 

In  order  to  cast  Equation  (5)  in  terms  of  the  critical  stress  intensity 
factor,  KIc,  the  plane  strain  equation  relating  GIc  and  Klc  is  used 
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Ic 


2  (1-v2) 

Ic  E 


(6) 


where  E  is  the  elastic  modulus  and  v  is  Poisson’s  ratio.  Thus  Equation  (5) 
becomes,  after  some  manipulation, 


V?  f(l} 


IC  (1-v2)'72 

where  B  is  the  specimen  width,  and 

d(c  E/B*) 

„  r£_  .  - 1 - r2 

XV  L2b  d(a/B)  J 


(7) 


(8) 


The  quantity  in  brackets  is  a  dimensionless  function  of  the  ratio  a/B  only.  It 
is  independent  of  the  specimen  material  as  long  as  the  scaled  specimen  config¬ 
uration  remains  constant. 

Since  the  scaled  crack  position,  ac/B,  at  which  the  peak  load  is  encoun¬ 
tered  is  a  constant^)  (provided  linear  fracture  mechanics  conditions  pre¬ 
vail),  the  value  of  f(a/B)  in  Equation  (7)  at  the  time  of  the  maximum  load, 
pc,  is  a  constant,  A  =  f(ac/B).  Therefore,  we  have 
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or  simply 


Kt  -  AP  i/I  (10) 

Ic  c 

if  (1-v2)^is  approximated  by  unity.  Calibration  experiments  have  evaluated  A 
for  the  short  bar  configuration  in  use^.  They  give 

A  -  7.2  ±  0.4  (11) 

Test  Results;  A  total  of  nineteen  fracture  toughness  values  were  obtained  from 
the  ten  specimens  tested.  The  individual  measurements  are  presented  in  Table  I 
and  plotted  in  Figure  7. 

Table  I 

Individual  Beryllium  Fracture  Toughness  Measurements 


Specimen 

Number 


Temperature 
( °F) 

KIcSB 

(MPavIn) 

Remarks 

300 

9.35 

Questionable  validity  due  to 

large  pop-in. 

200 

10.82  j 

1 

3%  correction  applied  for  poor 

200 

10.64 

► 

crack  guidance.* 

200 

10.66  ' 

\ 

300 

11  .88 

200 

10.30 

140 

11.22; 

| 

3%  correction  applied  for  poor 

300 

11.62 

i 

crack  guidance.* 

300 

10.92  ! 

1 

400 

10.52 

156 

11.37  » 

3%  correction  applied  for  poor 

400 

12.16  > 

crack  guidance.* 

150 

11  .54 

500 

18.28  ! 

70 

10.76 

70 

10.76 

500 

15.07 

90 

11.35 

460 

13.86 

•See  text  for  explanation, 


i B 

i 


TEMPERATURE  (  °F) 


Figure  7.  Beryllium  Fracture  Toughness.  Multiple  data  points 
are  indicated  in  the  figures  by  numbers. 
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As  indicated  in  Table  I,  the  measurement  with  Specimen  No.  1  is  less 
accurate  than  normal  because  the  initial  crack  "pop-in"  (which  provides  no 
toughness  measurement)  carried  the  crack  all  the  way  through  the  desired 
toughness  measurement  region.  The  arrest  point,  slightly  beyond  the  desired 
region,  provided  the  measurement  shown  in  the  table,  which  can  be  considered 
accurate  to  within  about  five  percent. 

Post-test  examination  of  the  specimens  showed  the  crack  did  not  follow 
the  plane  of  the  slots  very  well  in  Specimen  Nos.  2,  5  and  7.  The  additional 
crack  surface  area  which  is  created  when  the  crack  curves  away  from  the  plane 
of  the  slots  causes  the  indicated  toughness  to  be  somewhat  too  large.  Based 
on  testing  experience,  a  three  percent  correction  was  estimated  for  each  of 
these  specimens  as  indicated  in  Table  I. 

It  was  observed  that  the  crack  jump  distances  tended  to  increase  with 
increasing  temperature.  Thus,  at  300°F,  the  initial  "pop-in"  almost  precluded 
obtaining  data  from  Specimen  No.  1.  Therefore,  on  the  other  tests  at  300°F 
and  above,  the  crack  initiation  and  the  jumps  into  the  desired  location  were 
performed  at  a  much  lower  temperature.  Some  of  these  crack  jumps  provided 
data  points  themselves,  hence  the  additional  data  below  200°F. 


DISCUSSION  OF  RESULTS 


The  data,  summarized  in  Table  II,  show  the  KjcSB  for  beryllium  at  room 
temperature  to  be  10.96  MPav'm.  There  is  little  increase  in  the  fracture  tough¬ 
ness  to  400°F.  Above  400°F  the  fracture  toughness  increases  rapidly,  increas¬ 
ing  to  a  value  of  16.7  MPav'm  at  500°F. 


Table  II 

Beryllium  Fracture  Toughness  Data  Summary 


Temperature 
( °F ) 

No.  of 
Readings 

KIcSB 

(MPav'm) 

%  Standard 
Deviation 

75 

3 

10.96 

3.1 

150 

3 

11.38 

1.4 

200 

4 

10.61 

2.1 

300 

4 

11.00 

10.0 

M00 

2 

11.30 

10.0 

450 

1 

13.90 

— 

500 

2 

16.70 

14.0 

Table  II  shows  that  data  scatter  tended  to  increase  with  temperature  as 
the  crack  "pop-in"  carried  the  crack  beyond  the  desired  toughness  measurement 
region.  This  problem  did  generate  more  data  scatter  than  in  materials  with 
smooth  crack  growth  behavior.  While  the  scatter  reduces  the  certainty  of  any 
particular  value  being  the  true  toughness  of  the  material,  Terra  Tek’s  exten¬ 
sive  experience  using  the  short  bar  testing  method  has  shown  a  close  correla¬ 
tion  (within  a  few  percent)  with  the  results  obtained  by  the  ASTM  standard 
method.  The  average  values  listed  in  Table  II,  therefore,  are  reasonable 
fracture  toughness  values  for  beryllium. 
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P.0.  Box  808  (L-342) 

Livermore,  CA  94550 


Lehigh  University 

Institute  of  Fracture  and  Solid  Mechanics 
ATTN:  Dr.  George  C.  Sih 

Packard  Lab,  Bldg.  39 
Bethlehem,  PA  18015 

Los  Alamos  National  Laboratory 
ATTN:  Dr.  W.  D.  Birchler,  Mail  Stop  G787 
Henry  L.  Horak 
Los  Alamos,  NM  87545 

Martin  Marietta  Aerospace 
ATTN:  V.  Hewitt 

Frank  H.  Koo 
P.0.  Box  5837 
Orlando,  FL  32805 

Massachusetts  Institute  of  Technology 
Department  of  Aeronautics  and  Astronautics 
ATTN:  Prof.  T.  H.  H.  Pian  (Room  311,  Bldg.  73) 
Cambridge,  MA  02139 

Pacifica  Technology,  Inc. 

ATTN:  Dr.  Ponsford 
P.0.  Box  148 
Del  Mar,  CA  92014 

Radkowski  Associates 
ATTN:  Dr.  P.  Radkowski 
P.0.  Box  5474 
Riverside,  CA  92507 

Rohr  Industries,  Inc. 

ATTN:  Dr.  T.  H.  Tsiang 
MZ-19T 
P.0.  Box  878 

Chula  Vista,  CA  92012-0878 

Sandia  Laboratories 
ATTN:  Dr.  W.  Alzheimer 
Dr.  M.  Forrestal 
Dr.  E.  P.  Chen,  Div.  1524 
P.O.  Box  5800 
Albuquerque,  NM  87115 

Southwest  Research  Institute 
ATTN:  A.  Wenzel 
8500  Culebra  Road 
San  Antonio,  TX  78206 

SPARTA,  Inc. 

ATTN:  J.  Wonacott 
J.  Glatz 
1055  Wall  Street 
Suite  200 
P.O.  Box  1354 
La  Jolla,  CA  92038 
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Terra  Tek,  Inc. 

ATTN:  Dr.  A.  H.  Jones 

420  Wakara  Way 

Salt  Lake  City,  UT  84108 

University  of  Washington 
ATTN:  K.  Y.  Lin 

FS-10,  Guggenhein  Bldg. 

Seattle,  WA  98195 

Director 

Army  Materials  Technology  Laboratory 
ATTN:  SLCMT-BM,  J.  F.  Dignam 

SLCMT-BM,  S.  C.  Chou 

SLCMT-BM,  L.  R.  Aronin 

SLCMT-BM,  D.  P.  Dandekar 

SLCMT-ISC 
SLCMT-IML 

Watertown,  MA  02172 
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